Nuclear copies of mitochondrial DNA fragments (numts) have been reported in a number of mammalian taxa. The inclusion of these numt pseudogenes within mitochondrial data sets can unknowingly compromise the integrity of phylogenetic, systematic, and biogeographic studies. Here, we evaluate 6 unique cytochrome-b numt sequences isolated in the southern red-backed vole (Myodes [formerly Clethrionomys] gapperi). Each sequence contains features characteristic of numt pseudogenes including premature stop codons, insertionsdeletions (indels), frame-shift substitutions, and transposable element insertions. Mitochondrial and nuclear sequences are evolving at different rates. Molecular dating indicates that this group of mitochondrial transfers originated ,4.6 million years ago, which predates the presumptive origin of the genus. Phylogenetic analyses of mitochondrial and nuclear sequences suggest that the numts are the result of at least 1 nuclear insertion followed by subsequent duplication events, but pairwise sequence comparisons do not support this assertion. This conflict is likely the result of incomplete numt sampling from the Myodes nuclear genome. Genome sequencing efforts will ultimately provide the data needed to fully characterize numt demography in different lineages, and we predict that numts will have phylogenetic utility as informative synapomorphies in closely related species.
Mitochondrial DNA (mtDNA) has been widely used as a molecular marker in mammalian phylogenetic, systematic, and population genetic studies (Avise 2004) . However, throughout the evolutionary history of mammals, fragments of mtDNA have been continuously and ubiquitously integrated into mammalian nuclear genomes (for reviews see Bensasson et al. 2001; Leister 2005; Triant and DeWoody 2007a) . These nuclear sequences of mitochondrial origin (''numts' '-Lopez et al. 1994) have been inadvertently discovered during mammalian molecular studies (e.g., Cracraft et al. 1998; Lü et al. 2002) but if left undetected, they can compromise the integrity of mtDNA data sets. Numts may be misinterpreted as heteroplasmy (Parr et al. 2006) , can interfere with the identification of mitochondrial pathogenic mutations (Wallace et al. 1997) , and can combine with authentic mtDNA sequences during polymerase chain reaction to form recombinants (Anthony et al. 2007) . Numts also can lead to species misidentifications (Zischler et al. 1995) unless precautions are taken to isolate suspect sequences before or during analyses (e.g., Hebert et al. 2004) . Because of increased awareness of numts, some data sets are being reevaluated to ensure that they have not been contaminated by numts (e.g., Jensen-Seaman et al. 2004; Zhang and Hewitt 1996) .
Numts can be structurally similar to their functional mitochondrial counterparts but contain characteristics that render them relatively easy to detect provided they come from a protein-coding region of the mitochondrial genome (otherwise they can be cryptic- Triant and DeWoody 2007a) . Once functional mtDNA fragments have been transferred to the nucleus they are subject to duplication within the nuclear genome. Because numts resulting from both independent insertions and postinsertional duplications are no longer under the strong selective constraints of the mitochondrial genome, they typically accumulate features that indicate they are pseudogenes, such as premature stop codons, frame-shift mutations, and insertions-deletions (indels- Bensasson et al. 2001) . Of course, very recent transfers will not have accumulated characteristics, and pseudogene signatures may fade in more ancient numts. Thus, numt demography includes recent transfers (analogous to immigrants) whose DNA sequence may be indistinguishable from mitochondrial counterparts as well as ancient transfers (dying or senescing genes) that bear little resemblance to their progenitors. In other words, mammalian nuclear genomes harbor populations of numts, young and old (Triant and DeWoody 2007b) . In this regard (and with respect to their mobility), numts are similar to transposable elements (Promislow et al. 1998 ).
There have also been attempts to characterize numt distributions within sequenced vertebrate genomes (Liu and Zhao 2007; Pereira and Baker 2004; Pontius et al. 2007 ) and within lineages (Hazkani-Covo et al. 2003; Schmitz et al. 2005) . Despite these efforts, the evolutionary dynamics of numts remain largely unknown, including the extent to which they transfer to the nucleus, their insertion patterns, and rates of postinsertional duplication. For example, the insertion of mtDNA into the nucleus was thought to be harmless to the host but in humans, numts can cause genetic diseases and may be modified to create functional exon sequences (Goldin et al. 2004; Noutsos et al. 2007) . Although numts may be modified after insertion, there have not been any functional numts described, presumably because of the different genetic codes used by mitochondrial and nuclear genomes. The nuclear and mitochondrial genomes of animals also differ in their rates of evolution, with the mitochondrial genome evolving as much as 10 times faster than the nuclear genome (Brown et al. 1979) . Thus, once transferred to the nucleus, numts are believed to undergo a reduction in their rate of evolution compared to that found in the corresponding mitochondrial sequence at the time of transfer (Fukuda et al. 1985) .
Numts are particularly common within the rodent subfamily Arvicolinae (DeWoody et al. 1999; Jaarola et al. 2004; Triant and DeWoody 2008) . The Arvicolinae is composed of the voles, lemmings, and muskrats and is one of the most speciose rodent subfamilies (Carleton and Musser 2005) . We have previously isolated cytochrome-b numts in several arvicoline rodents including 3 species of voles within the genus Myodes (previously known as Clethrionomys). This genus consists of 14 species of red-backed voles distributed within a Holarctic range. The southern red-backed vole (M. gapperi) is distributed throughout most of Canada and the northern United States, with fossil records dating back to the middle Pleistocene (Gromov and Polyakov 1992) . While isolating a cytochrome-b numt in this species, we found evidence for multiple nuclear sequences and here describe 5 additional numts of varying age from M. gapperi. We estimate patterns of nucleotide substitution in nuclear and mitochondrial sequences as compared with their inferred most common recent ancestor. Additionally, we employ phylogenetic and molecular dating methods to estimate insertion and duplication patterns as well as times of mitochondrial transfer and subsequent duplications within the nuclear genome.
MATERIALS AND METHODS
Isolation of numts.-Tissue samples for M. gapperi were obtained from The Museum of Texas Tech University (TK 26682). Genomic DNA was extracted with a proteinase K/ phenol-chloroform-isoamyl protocol (Sambrook and Russell 2001) and we searched for numts via cloning of polymerase chain reaction products. We used the same primers that we used to isolate the original numt sequence of M. gapperi, Cleth-F 2 (59-TTATTCCTAGCTATACACTAT-39) and PcytbR (59-GATTGGTATGAAGATTATGATAATG-39), and polymerase chain reaction was performed as in Triant and DeWoody (2008) . The mitochondrial cytochrome-b sequence was amplified from the same individual with the universal primers L14724 and H15915 (Irwin et al. 1991) . We concentrated our efforts on a single individual to avoid any intraspecific variation among numt copies. Polymerase chain reaction products were cleaned with a sodium acetate-ethanol precipitation and sequenced in both directions with BigDye version 3.1 (Applied Biosystems, Foster City, California) using the amplification primers and a set of internal sequencing primers PcytbSeq1 and PcytbSeq2 for nuclear sequences (Triant and DeWoody 2008) and Cleth_IntF (59-ACGATTCTTCGCATTCCA-39) and Cleth_IntR (59-GCGTCTGAGTTTAAGCCT-39) for mitochondrial sequences. Sequencing protocols were followed according to the manufacturer's protocol modified to one-eighth reactions and products were cleaned with a sodium acetate-ethanol precipitation. Putative nuclear sequences were cloned using a pGEM-T Easy kit (Promega, Madison, Wisconsin) and recombinant clones were amplified and sequenced using the numt amplification and internal sequencing primers. We used a proofreading DNA polymerase (Pfu; Stratagene, La Jolla, California) in all reactions to minimize amplification errors (Cline et al. 1996) . This study was conducted according to guidelines approved by the American Society of Mammalogists (Gannon et al. 2007) .
Comparative sequence analyses.-All sequences were aligned and edited with Sequencher 4.7 (GeneCodes, Ann Arbor, Michigan) and translated according to the vertebrate mitochondrial and universal genetic codes. Sequences were considered nuclear if they possessed typical numt features such as indels, frame-shift mutations, and premature stop codons. Alternatively, sequences were considered mitochondrial if they did not contain any indels and possessed complete open reading frames encoding the expected amino acid sequence.
Rather than align nuclear sequences with the mitochondrial cytochrome-b sequence in M. gapperi to examine nucleotide substitution patterns, we reconstructed ancestral sequences according to the marginal reconstruction approach of Yang et al. (1995) using the tree in Fig. 1 with baseml in the PAML package (Yang 1997) . Nuclear and mitochondrial sequences were then manually aligned with their inferred most recent common ancestor. We used DnaSP 4.20.2 (Rozas et al. 2003) and MEGA4 (Tamura et al. 2007 ) to estimate nucleotide compositions, the number of nucleotide differences per site at each codon position (and at all positions), and the number of synonymous and nonsynonymous substitutions per site. Homogeneity of base frequencies for all pairwise alignments was determined with chi-square tests as implemented in PAUP* 4.0b10 (Swofford 2003) . Pairwise divergences were estimated according to the HKY85 model (Hasegawa et al. 1985) because it was determined by heuristic searches to be the optimal model for this data set (see following paragraph). We performed relative-rate tests on all nuclear and M. gapperi mitochondrial cytochrome b pairwise comparisons with the inferred ancestral sequence designated as the outgroup using RRTree (Robinson-Rechavi and Huchon 2000) .
Phylogenetic analyses.-Arvicoline and related rodent mitochondrial cytochrome-b sequences were downloaded from GenBank (Table 1 ) and manually aligned with the nuclear and mitochondrial cytochrome-b sequences of M. gapperi using Sequencher 4.7. Phylogenetic analyses were performed on the DNA sequence data (with indels removed) using maximum-likelihood and Bayesian approaches. We included in the analysis all of the complete mitochondrial cytochrome-b sequences of Myodes available in the GenBank database. Because Microtus is the sister taxon of Myodes (Conroy and Cook 2000) , we constructed trees with sequences from multiple Microtus species but in every attempt, the nuclear sequences of Myodes formed a monophyletic group, with none of them clustering within the Microtus clade. Thus, for our final analysis, we included 2 sequences from Microtus, 1 North American species and 1 Eurasian species. For the maximum-likelihood analysis, the best-fitting model of nucleotide substitution was chosen after evaluating loglikelihood scores optimized on a neighbor-joining starting tree. Repeated heuristic searches were conducted in PAUP* in which each tree was used for a new round of parameter estimation until the topology stabilized and log-likelihood values did not significantly improve with additional parameters. With the optimal model, HKY85+G+I, we used heuristic searches to find the most likely tree with 10 random-addition replicates and tree-bisection-reconnection branch-swapping with a reconnection limit of 12. We assessed node support with 1,000 nonparametric bootstrap replicates. Trees were rooted with 2 rodent genera from the family Muridae (Rattus and Taterillus) and 2 rodent genera from the family Cricetidae (Phyllotis and Cricetus; Table 1 ). We evaluated saturation (noise) in the data set by plotting for each codon position the uncorrected pairwise divergences versus the HKY corrected divergences.
Bayesian analyses were conducted using MrBayes 3.1 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . We used a model with 2 base substitution categories, a proportion of invariable sites, and a gamma-distributed rate parameter. Uniform priors were assumed for the model parameters. For the Markov chain Monte Carlo, 4 chains were run for 10 3 10 6 generations and sampled every 100 generations. The first 25,000 generations were discarded as burn-in and the remaining trees were used to estimate the posterior probabilities of the final tree topology. We ran 2 independent analyses with different starting seeds and used AWTY (Nylander et al. 2008 ) to graphically assess convergence of the Markov chain Monte Carlo runs. Trees were visualized with FigTree 4.1.2 (http://tree.bio.ed.ac.uk/software/figtree/).
Dating ancestral nodes.-The time when the numt clade arose was estimated with a Bayesian relaxed molecular clock approach as implemented in the multidistribute package (Kishino et al. 2001; Thorne and Kishino 2002; Thorne et al. 1998 ). We performed 2 separate analyses: 1 using the full tree ( Fig. 1) to estimate postinsertional duplication dates that led to the Myodes numts and another with a pruned tree (Fig. 2) to estimate the time of the numt insertion event. Bayesian and maximum-likelihood approaches were used to construct the pruned phylogeny in the same way as used in the full analysis but with the purpose of dating the most recent common ancestor. Sequences used in the pruned tree included mtDNA cytochrome-b sequences from Myodes, numt sequences from Myodes, and non-arvicoline mtDNA cytochrome-b sequences (Cricetus, Rattus, Phyllotis, and Taterillus; Table 1 ). For both analyses, we used estbranches to estimate branch lengths of the constrained maximum-likelihood tree using the F84 model with the associated parameters estimated in PAUP*. The resulting variance-covariance matrices from estbranches were used by multidivtime to approximate the posterior divergence times through Markov chain Monte Carlo analyses. The Markov chain Monte Carlo was sampled 10,000 times every 100 cycles. We discarded the first 100,000 cycles as burn-in and conducted multiple runs from different initial values to assess convergence. Two fossil constraints were incorporated into the analyses using the full tree: a maximum of 2.5 million years ago (mya) for the root of the Myodes clade (Chaline and Graf 1988; Gromov and Polyakov 1992) and 5-6 mya at the root of the arvicoline clade (Chaline et al. 1999; Repenning 2003) . The inferred date of 2.5 mya for the root of the Myodes clade was included in the analyses using the pruned tree (Nylander et al. 2008) .
RESULTS
Isolation of numts and sequence analyses.-We isolated 5 novel cytochrome-b numts in M. gapperi in addition to numt A (originally described by Triant and DeWoody [2008] ). The 5 new numts (numts B-F; Table 2 ) ranged in size from 889 to TABLE 2.-Nucleotide substitution differences between the mitochondrial cytochrome-b (Cytb) sequence of Myodes gapperi and 6 numt (nuclear copies of mitochondrial DNA [mtDAN] fragments) pseudogene sequences (A-F) as compared to the inferred most recent common ancestor of mtDNA and numt sequences. Numt A was originally described by Triant and DeWoody (2008) . GenBank 5 GenBank accession numbers; Length 5 length in base pairs; Ns 5 total number of substitutions per site; Insertions 5 number of insertions followed by number of nucleotides per insertion; Deletions 5 number of deletions followed by number of nucleotides per deletion; D N /D S 5 ratio of nonsynonymous to synonymous substitutions per site. putative numt sequences contained premature stop codons, frame-shift mutations, or indels, or a combination of these ( Table 2 ). The largest indel (413 base pairs) was a transposable element insertion within numt A (Triant and DeWoody 2008) . All sequences generated during this study have been deposited into the GenBank database (Table 2) . Pairwise divergence between the contemporary mitochondrial cytochrome-b sequence and the inferred sequence of the most recent common ancestor was 0.09, whereas pairwise divergences between numt sequences and the most recent common ancestor ranged from 0.14 to 0.17 (Table 3) . Divergences among numts ranged from 0.01 to 0.16, whereas divergences between numts and the mtDNA cytochrome-b sequence ranged from 0.19 to 0.21 (Table 3) . Pairwise divergences at each codon position between numts and the most recent common ancestor ranged from 0.22 to 0.28 at the 1st position, 0.06 to 0.19 at the 2nd position, and 0.54 to 0.72 at the 3rd position (Fig. 3) . The ratios of nonsynonymous to synonymous substitutions per site (D N /D S ratios) were 0.10 for the mitochondrial sequence alignment and 0.16-0.24 for nuclear sequences (Table 2) . Homogeneity of base frequencies between nuclear and mitochondrial sequences and the ancestral sequence was not rejected for any individual comparisons (P ! 0.06). Relative-rate tests revealed that the nuclear and mitochondrial lineages were not evolving at the same rate (P 0.015).
Phylogenetic analyses.-Maximum-likelihood and Bayesian analyses for the full data set resulted in poorly resolved trees with similar topologies. The tree resulting from maximumlikelihood analysis had less resolution than the tree resulting from Bayesian analysis, but both trees supported the monophyly of mitochondrial sequences of Myodes and of numt sequences of Myodes. Thus, we only show the Bayesian tree with bootstrap values shown for nodes recovered in the maximum-likelihood analysis (Fig. 1) . Both trees support monophyly of the Arvicolinae but there is little resolution, probably because of the rapid diversification in this group. Nuclear sequences (numts A-F) formed a well-supported clade, but their position with respect to the Arvicolinae and with respect to the mitochondrial sequences of Myodes could not be determined with certainty because the sequences resulted in a polytomy. Mitochondrial cytochrome-b sequences of Myodes formed another well-supported clade with Alticola. Because we found evidence of saturation at 3rd codon positions (data not shown), we constructed trees with 3rd positions excluded for the full data set but this did not clarify the position of the numt clade with respect to the Arvicolinae; the numt sequences again grouped into a single clade. The same strongly supported numt and mtDNA cytochrome-b Myodes clades were recovered in the pruned tree for both Bayesian and maximum-likelihood analyses. We present the pruned Bayesian tree with maximum-likelihood bootstrap values (Fig. 2) as we did for the full tree.
Dating ancestral nodes.-The estimates obtained with the Bayesian relaxed molecular clock method were the same for each independent trial run during both analyses (full and pruned). The origin of the numt clade (Fig. 1, node A) was 2.79 mya (SD: 0.42 mya; 95% clade credibility interval: 2.03-3.66). We also dated the duplication event that led to the most recently diverged numts (Fig. 1, node B) at 0.29 mya (standard deviation: 0.11 mya; 95% clade credibility interval: 0.13-0.54). The estimated time of the numt insertion (Fig. 2 , node A) was 4.6 mya (SD: 1.24 mya; 95% clade credibility interval: 3.03-7.98).
DISCUSSION
One of the challenges associated with the analysis of numt evolution is establishing orthology or paralogy of numt copies. Our evidence for multiple numts within the genome of M. gapperi indicates that they resulted from an ancient insertion to the nucleus from the mtDNA genome and subsequent duplications. Within this limited sample of 6 numts, duplications are the predominant force. However, interpretations regarding the evolutionary mechanisms of numts depend on a thorough understanding of the distribution and number of numts not only within the entire nuclear genome but also within genomes of closely related taxa. Within the human genome, the accumulation of numts is an ongoing process (Ricchetti et al. 2004 ) but there are conflicting reports as to whether they are derived from insertions or duplications (Bensasson et al. 2003; Hazkani-Covo et al. 2003; Mourier et al. 2001 ). We do not know the total number of numts within the genome of Myodes, but our data do highlight some interesting trends.
Comparative sequence analyses.-We used an inferred ancestral sequence for our comparative sequence alignments rather than comparing the contemporary nuclear and mitochondrial sequences directly. If the transfer to the nucleus occurred before the emergence of M. gapperi, as examination of our data indicates, comparing contemporary numts to the mitochondrial sequence of extant M. gapperi might not accurately reflect substitution patterns before the speciation event. In comparing each sequence type to their most recent common ancestor, we can observe changes as they occurred independently in each lineage subsequent to transfer. The mitochondrial cytochrome-b sequence of M. gapperi did not contain any indels as compared to the ancestral sequence and it possessed an open reading frame that coded for the expected amino acid sequence. Conversely, all numt sequences had disruptions to the mitochondrial reading frame and premature stop codons. Thus, it is unlikely that these sequences are functional mitochondrial sequences.
All numts had similar nucleotide compositions with each other and with the mitochondrial sequence. Examining substitution patterns by codon position, numts have a relatively higher number of substitutions at 1st and 2nd codon positions but not at 3rd positions (Fig. 3) . This pattern is expected if numts are evolving in the absence of the codon position bias found in the mitochondrial genome, where 1st and 2nd codon positions are the most conserved because substitutions at these sites typically lead to amino acid replacements. There also should be an increase in nonsynonymous substitutions in nuclear sequences as compared to mitochondrial sequences, which should inflate D N /D S ratios. Indeed, numts did have higher D N /D S ratios than the mitochondrial sequence (Table 2 ). The numbers of substitutions per site for all numts varied from 0.12 to 0.14, whereas the mitochondrial value was 0.09. The HKY corrected pairwise divergences exhibited similar patterns, whereas the nuclear sequences were more divergent than the mitochondrial sequence (Table 3) . Numts should evolve more slowly than mitochondrial sequences because of the slower rate of evolution in the nuclear genome. Relative rate tests indicated that mitochondrial and nuclear sequences were evolving at different rates, yet nuclear sequences seem to be evolving more rapidly than the mitochondrial sequence in M. gapperi. Elevated rates of evolution have been reported for nuclear copies as compared to mitochondrial sequences in other organisms (Lopez et al. 1997; Zischler et al. 1998 ). This phenomenon has been attributed to an initial increase in substitution upon integration into the nucleus because of damage incurred during transfer (Collura and Stewart 1995) , or a shift from the mitochondrial polymerase-based replication machinery to the nuclear polymerase system (Zischler et al. 1998) .
Phylogenetic analysis and molecular dating. -Galewski et al. (2006) used cytochrome-b genes to reconstruct an arvicoline phylogeny but their resulting tree was poorly resolved, with many genera arising from a polytomy. They were better able to recover deeper relationships with a nuclear marker and concluded that cytochrome b was inefficient for resolving relationships among the primary lineages of this group. Similarly, our arvicoline tree was not well resolved and we were not able to determine when the insertions to the nucleus took place relative to the Arvicolinae. Our phylogenetic analysis supports the common ancestry of Myodes with Eothenomys and the paraphyly of Myodes with respect to Alticola (Cook et al. 2004) .
Indels were found in all 6 numts, with numts A and B possessing unique indels (Table 2 ). Numts C-F shared 3 single-base insertions, whereas numts C and D shared a 3-base insertion that was not found in numts E and F. These patterns suggest that all 4 numts (C-F) were derived from a common ancestor that underwent at least 2 duplication events (Fig. 1) . Indels contained in numts A and B, including a transposable element insertion in numt A, are not shared with numts C and D. Although there have been numt duplication events, we cannot conclude whether numts A-F are the result of a single insertion or multiple independent transfers to the nucleus because their descendents likely have not been completely sampled.
Phylogenetic analyses and molecular dating support at least 1 insertion to the nucleus (Fig. 2, node A) that occurred ,4.6 mya, which would predate the origin of most arvicoline rodents. We constructed a pruned phylogeny to estimate when the insertion to the nucleus took place because we cannot assume that the root of the numt clade in the full phylogeny (Fig. 1, node A) resulted from either an insertion to the nucleus or a postinsertional duplication. Within the full phylogeny (Fig. 1) , cytochrome-b sequences of Myodes, Alticola, and Eothenomys formed a clade with high Bayesian posterior probabilities to the exclusion of the numt sequences of Myodes. Likewise, numt sequences of Myodes clustered together into a group with high Bayesian posterior probabilities and maximum-likelihood bootstrap support. Thus, we can conclude that this group of numts originated before the diversification of the genus Myodes. Molecular dating trials support this conclusion because the base of the numt clade was dated at ,2.79 mya, which predates the emergence of most species within the genus.
Branch lengths leading to numts C-F were shallow and molecular dating trials indicated that the duplication event that led to these 4 numts occurred ,0.29 mya (Fig. 1, node B) . Once inserted into the nuclear genome, numts are subject to both duplication and deletion events. Unless all numts within the Arvicolinae are sampled, the inference of insertion and duplication patterns as well as numt ages can be complicated. For example, a mitochondrial fragment could have been transferred to the nucleus of an extinct ancestor but is still being propagated in the nuclear genome of extant taxa. This might cause the numt to appear more divergent and also may be reflected in longer branch lengths.
We certainly did not sample all of the numts within the nuclear genome of Myodes and the limited sampling might have led to the inconsistencies among our data. We estimated that an ancient numt insertion occurred ,4.6 mya (Fig. 2) but we do not know if the 6 numts that we present here resulted from postinsertional duplications or multiple insertions. If we were to postulate that there was 1 insertion to the nucleus (Fig. 1, node A) followed by multiple duplications, our pairwise sequence comparisons with the most recent common ancestor also should reflect this but they do not. The D N /D S ratios are low (0.16-0.24), not close to 1.0 as expected for neutral sequences. Likewise, the numt sequences show fewer substitutions at 1st and 2nd codon positions as compared to the mitochondrial cytochrome-b sequence (Fig. 3) . Pairwise sequence comparisons used a reconstructed most recent common ancestor, but multiple insertions to the nucleus would confound this approach. The phylogeny also supports at least 2 postinsertional duplications that led to numts C-F (Fig. 1, node B) . Thus, assuming that a single insertion led to numts C-F, we calculated D N /D S ratios among those numts using all possible pairwise comparisons. The average D N /D S ratio among numts C-F was 0.94, whereas the ratio of numt A versus numts C-F was 0.37 and the ratio of numt B versus numts C-F was 0.50. The D N /D S of 0.94 for numts C-F is close to 1.0, as would be expected if these numts were derived from a single insertion followed by multiple duplication events. In contrast, the comparisons with numts A and B had much lower values (0.37 and 0.50, respectively), indicating that they are likely from different lineages that independently inserted into the nucleus.
The purpose of our study was not to reconstruct the systematic relationships among taxa but we expect that as genomes are more fully characterized, numts will prove to be phylogenetically informative in this regard. Like DNA sequences from cosmid libraries (Baker et al. 1997) or transposable elements (Shedlock et al. 2004) , orthologous numts will prove to be useful synapomorphies. Because mammalian genomes are replete with numts integrated at different points in time and because they have a known ancestral condition, numts represent potentially powerful markers for systematists. As more genomes are sequenced, the patterns and prevalence of numts among mammalian taxa will be clarified and their utility as phylogenetic markers will increase. Furthermore, we expect genome sequences to provide census data that will prove illuminating with regard to numt demography. Nucleotide substitution rates and rates of karyotypic evolution vary dramatically among mammals, and it will be interesting to see if rates of numt integration and duplication are in any way correlated.
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